Creative Commons Attribution-Noncommercial-Share Alike 3.0 Detailed Terms http://creativecommons.org/licenses/by-nc-sa/3.0/ The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters.
exfoliated form of graphite, has been shown to be an excellent platform for the development of covalent surface-and edgefunctionalization methods. 1 In particular, edge-based amidation 2 and esterification reactions, 3 as well as surface-based carbamation, 4 reduction, 5 O-alkylation, 6 and epoxide ring- 15 opening reactions 7 on GO have generated a wide variety of chemically modified graphene derivatives with varying electronic, mechanical, and physicochemical attributes. Importantly, many of these graphene derivatives have been incorporated into devices for potential industrial applications. 8 20 Other than the chemical reduction of GO, the most widely utilized and most diverse surface functionalization reaction is the ring opening of epoxides with oxygen or nitrogen nucleophiles. 1a Unfortunately, due to the labile nature of carbon-oxygen and carbon-nitrogen bonds on the surface of graphene, the newly 25 installed functionality undergoes thermal-based removal at relatively low temperatures. 6,7b Herein we directly address this problem and expand the scope of this transformation through the addition of carbon-based nucleophiles to functionalize the surface of GO. 9 30 In the initial stages of our investigation into this transformation we became acutely aware of the incompatibility of highly basic carbanion nucleophiles and GO. While the mechanism is not completely understood, it is known that under strongly alkaline conditions GO is converted into reduced graphite oxide. 10 It was 35 therefore unsurprising when, under a variety of conditions, GO was rapidly transformed to a reduced graphitic material in the presence of organolithium or organocuprate reagents. Mechanistically, this side reaction was attributed to hydrolysis of the carbanion by both the adsorbed water and the surface tertiary 40 alcohols followed by a hydroxide-based deoxygenation of the GO starting material.
In an attempt to circumvent this undesirable process, the tertiary alcohol groups on GO were acetylated and the starting material was extensively dried (see Supporting Information). 45 Unfortunately, even under more stringently anhydrous conditions, the strongly basic organolithium and organocuprate reagents generated reduced graphitic material without any appreciable functional group incorporation.
Working under the hypothesis that the adsorbed water could 50 not be completely removed from the surface of GO 11 and that the highly basic carbanions were being deleteriously consumed before they could react with the epoxide functionality, watercompatible, anionic nucleophiles were investigated next. To this end, the reaction of malononitrile with GO (Scheme 1) was 55 chosen. This particular nucleophile was utilized for the following reasons: 1) the pKa of malononitrile is 11.1 (in H 2 O), 12 2) nitriles possess an easily distinguishable FTIR stretching mode for qualitative analysis of the product, and 3) quantitative evaluation of the reaction through nitrogen incorporation by X-ray 60 photoelectron spectroscopy (XPS) was possible.
Scheme 1.
Proposed addition of malononitrile anion to graphite oxide (additional substrate oxygenation removed for clarity). 65 We began our study by mixing GO with the preformed sodium salt of malononitrile (1 equivalent per carbon on GO, see Supporting Information) in THF at 60 o C for 24 h. The brown transparent solution quickly turned into a black opaque 70 dispersion. After cooling the reaction mixture, the graphitic material could be isolated and purified through successive washings and centrifugations. FTIR analysis of the chemically modified graphene derivative (G1) identified the presence of a new nitrile stretching frequency at 2194 cm -1 , suggesting that a 75 successful transformation had in fact occurred. 13 Moreover, the 1250 cm -1 IR frequency associated with C-O epoxide functionality was almost completely absent in the product ( Figure  1 ). 14 XPS elemental composition analysis confirmed that nitrogen 20 incorporation had in fact occurred during the addition of malononitrile to GO (see Supporting Information for spectrum, atomic percentages, and functional group densities). Through integration of the high-resolution N(1s) signal at 398 eV, it could be determined that 3.4% of G1 was nitrogen. Importantly, this 25 N(1s) signal also precisely matched known XPS signals for alkyl nitrile functionality bound to the surface of activated carbon. 16 Overall, this level of incorporation corresponds to a functional group density of 1 malononitrile per 46 graphene carbons.
The XPS spectrum (in agreement with the abovementioned 30 TGA thermograms) also indicated that deoxygenation was occurring during the reaction. The atomic percentage for oxygen decreased from 27.7% to 15.1%, which is an effective change in the C/O ratio from 2.61 in GO to 5.40 in G1. It is possible to rationalize this deoxygenation through both a thermal-based 35 mechanism 17 as well as a potentially competitive anionic-based reductive process. 10 Additional qualitative evidence for the installation of surfacebound (and not edge-bound) malononitrile groups was obtained through X-ray powder diffraction (XRD) pattern analysis of G1 40 ( Figure 3 ). Specifically, the intersheet gallery distance increased from 0.84 nm in GO to 0.95 nm in the product. It is well known that deoxygenation of GO greatly reduces the intersheet gallery distance. 5c Therefore, a net increase in d spacing, despite a reduction in surface oxygen functionality, requires that new 45 functional groups now occupy the intersheet gallery. 18 Figure 3 . XRD patterns of graphite (green), graphite oxide (red), and malononitrile functionalized graphene G1 (blue). 50 Four-point probe measurements were performed on thin films of G1 to determine whether enough deoxygenation had occurred to significantly re-establish conjugation within the graphene sheets (see Supporting Information). As expected from the low 55 C/O ratio of G1 very little conductivity was observed. Only through a subsequent thermal annealing of the thin films at 250 o C for 24 h (below the temperature at which the malononitrile groups eliminate) were moderate levels of conductivity observed (14.8 S/m for G1). Interestingly, even after annealing the 60 samples, the conductivity of G1 remained considerably lower than for chemically reduced graphene with a comparable C/O ratio. 5c,19 This difference is primarily attributed to the presence of covalently bound surface functionality that has a net disruptive effect on the conjugation of the graphene sheet. 65 Finally, to improve the solubility profile of G1 and to document the synthetic utility of this surface functionality, the malononitrile groups were subjected to a further anionic alkylation reaction. Thus, a solution of G1 in DMF was deprotonated with NaH and then treated with either 1-70 iodohexadecane or 1,3-propane sultone (see Supporting Information). After 16 h at room temperature, the reactions were quenched and the subsequent alkylated graphene derivatives G2 (hexadecane) and G3 (sulfonate) could be isolated and characterized. Importantly, G2 (unlike the parent malononitrile 75 graphene derivative G1) could now be easily dispersed into a variety of non-polar and polar organic solvents (see Supporting Information for solvent survey). Perhaps even more significantly, G3 now readily formed a stable dispersion in water (up to ~1 mg/mL). 20 As expected, in aqueous/organic biphasic systems, hexadecane functionalized G2 is immiscible in water and sulfonate functionalized G3 (zeta potential of -47.1 mV, see Supporting Information) is immiscible in organic solvents ( In summary, the addition of a stabilized, carbanion nucleophile to GO has been demonstrated. Critical to the success of this transformation was the need to reduce the basicity of the 15 nucleophile below the pKa of water. To this end, malononitrile groups were efficiently installed on the surface of GO. These groups were, in turn, synthetically elaborated through an additional alkylation reaction. Current efforts are underway to both install additional functionality on GO through this two-step 20 method and to investigate potential applications for G1-G3 such as barrier materials, electrode constituents, and polymer composites.
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Synthesis of malononitrile-functionalized graphene derivatives (G1):
To a 100 mL round bottom flask fitted with a stirbar and an argon inlet adaptor was added sodium hydride (82 mg, 3.41 mmol) and THF (30 mL). The solution was then brought to 0 o C in an ice bath and the malononitrile (220 mg, 3.33 mmol) was added in one portion. The mixture was stirred for 10 minutes. To another 100 mL round bottom flask fitted with a stirbar was added graphite oxide (40 mg, [XPS analysis: 72.3 C/ 27.7 O]) and THF (10 mL). The heterogeneous suspension was sonicated for 30 minutes in a bath sonicator to achieve a homogenous dispersion. The malononitrile solution was then added dropwise to the graphite oxide suspension at room temperature. The combined reaction mixture was then brought to 60 o C in an oil bath for 24 h. 2 During the reaction timecourse the solution gradually darkened to an opaque black dispersion. After cooling, this dispersion was centrifuged at 10,000 rpm for 10 minutes to obtain a black sediment. Sonicative dispersion with subsequent centrifugation at 14,500 rpm was repeated 3 times with S3 water, 2 times with methanol, and 2 times with acetone. The supernatant was discarded each time. The final sediment was dried under high vacuum (0.1 mm Hg) for 1 h. See figures S2-S6 and table S1 for FT-IR, XPS, high-resolution XPS, TGA, DTGA and XRD characterization data. 3 To a 50 mL round bottom flask fitted with a stirbar and an argon inlet adaptor was added (1) (20 mg) and 2.5 mL anhydrous DMF. The black suspension was sonicated for 5 minutes to achieve a fine dispersion. To this suspension was added sodium hydride (40 mg, 1.66 mmol) and then 5minutes later 1-iodohexadecane (584 mg, 1.66 mmol) in one portion. The mixture was stirred for 16 hours at room temperature. To the reaction was then added 5 mL of water to quench the remaining NaH. An additional 40 mL of water was then added and the hetereogeneous dispersion was then centrifuged at 10,000 rpm for 10 minutes to obtain a black/grey sediment. Sonicative dispersion with subsequent centrifugation at 5,000 rpm was 3 To a 50 mL round bottom flask fitted with a stirbar and an argon inlet adaptor was added (1) (20 mg) and 2.5 mL anhydrous DMF. The black suspension was sonicated for 5 minutes to achieve a fine dispersion. To this suspension was added sodium hydride (40 mg, 1.66 mmol) and then 5 hours later 1,3-propane sultone (202 mg, 1.66 mmol) in one portion. The mixture was stirred for 16 hours at room temperature. To the reaction was then added 5 mL of water to quench the remaining NaH. An additional 40 mL of water was then added and the black homogeneous solution was then centrifuged at 14,500 rpm for 1 h to obtain a black sediment. The supernatant was carefully decanted and the remaining amount of water was removed by lyophilization for 24 h. Stable suspensions of G3 in pH 7 water could be formed for up to 12 h before significant sedimentation occurred. See figure S10-S11 for FT-IR and XPS characterization data.
Synthesis of hexadecane/malononitrile-functionalized graphene derivatives (G2):

Synthesis of sulfonate/malononitrile-functionalized graphene derivatives (G3):
General procedure for the determination of conductivities of (G1): A graphene derivative was sonicated in acetone for 30 min. Subsequently, 100 µL of the suspension was drop-cast onto a glass slide and air-dried to create a thin film. Using a four-point probe setup, the electric potential was measured at a current of 2,4, and 6 µA for each film. The film was then annealed in a vacuum oven at 250 o C for 24 h and the electric potential was re-measured. Subsequently, the thickness of the film was measured using a profilometer and the conductivity was calculated using equation 1
where I is the current, V is the voltage, t is the sample thickness, CF is the sheet resistance correction factor, 4 and s is the four point probe spacing.
Conductivity of G1:
The conductivity of a drop-cast film of malononitrile-functionalized graphene was determined to be ~0.01 S m -1 (average of three films and four measurements each).
Conductivity of G1 (thermally treated):
The conductivity of malononitrile -functionalized graphene annealed at 250 o C was determined to be 14.8 S m -1 (average of two films and three measurements each). ] [N%])-1)*2, wherein one carbon is removed due to its incorporation in the malononitrile structure, and the sum multiplied by 2 to account for 2 nitrogen atoms being incorporated for each malononitirile. . solubility profile of G2 (1 mg/mL) and G1 (1 mg/mL) in various solvents. Solutions were hand shaken for 30 seconds and allowed to sit for 5 minutes (no sonication). Figure S10 . baseline corrected FT-IR spectra of malononitrile functionalized graphene (G1, blue) and sulfonate/malononitrile functionalized graphene (G3, red)
